The Journal of Organic Chemistry pubs.acs.org/joc

B-Functionalized Push—Pull opp-Dibenzoporphyrins

R. G. Waruna Jinadasa,” Yuanyuan Fang,i Siddhartha Kumar,” Allen J. Osinski,” Xiaogin Jiang,i
Christopher J. Ziegler,§ Karl M. Kadish,*’i and Hong Wang*’T

TDepartment of Chemistry and Biochemistry, Miami University, 701 E High Street, Oxford, Ohio 45056, United States
T‘Department of Chemistry, University of Houston, Houston, Texas 77204-5003, United States
SDepartment of Chemistry, University of Akron, Akron, Ohio 44325, United States

© Supporting Information

ABSTRACT: The synthesis of a series of f-functionalized
push—pull dibenzoporphyrins was realized. These porphyrins
display subtle push—pull effects, demonstrating the exceptional
tunability of their electronic and electrochemical properties.
The UV-—vis spectra of these porphyrins show unique
absorption patterns with shouldered Soret bands and extra
absorptions in the Q-band region. Stronger electron-with-
drawing groups display more significant bathochromic shifts of
the Soret bands. The fluorescence spectra of these porphyrins  °2 ’ / N\~
show strong near-IR emission bands (600—850 nm). In -
particular, fluorescence quenching effect was observed for e %o o % Ea

pyridyl carrying push—pull porphyrin 4c in the presence of an faveengh(om)

acid. TFA titration study of 4c using UV—vis and fluorescence

spectroscopy reveals that the fluorescence quenching can be mainly attributed to the protonation of the pyridyl groups of 4c. The
versatile synthetic methods developed in this work may open a door to access a large number of functionalized organic materials
that are currently unavailable. The structure—property studies provided in this work may provide useful guidelines for the design
of new generations of materials in dye-sensitized solar cells, in nonlinear optical applications, as fluorescence probes, as well as
sensitizers for photodynamic therapy.
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B INTRODUCTION meso

Push—pull porphyrins carrying both an electron-donating ' Y OCgHiy _ Cethra

(push) and an electron-withdrawing group (pull) have been a

topic of long-lasting research interest owing to their potential D bush HO.C Q N

applications in organic electronics, optoelectronics and ’

photonics." ™ Breakthroughs in the development of push—

pull porphyrins were not made until 2011 when dye-sensitized Linearly meso-functionalized CgH170 OCgHi7  CaHis

solar-cells (DSSCs), which were based on a class of push—pull push-pull porphyrin

porphyrins bearing a diarylamine donor group and an Arepresentative example of meso-

ethynylbenzoic acid acceptor (linker) group at the porphyrin functionalized push-pul porphyrin (YD2-0-C8)*

meso-positions (Figure 1), achieved a record-high solar-to- A N

electric-power-conversion efficiency (17 = 12.3%).° This exciting Pl . B 5

achievement has drastically changed the traditional poor- pull push S ;;:"A*‘f’PUSh

performance profile of porphyrins in DSSC. PUILT o g Br e push
Intense research efforts have been devoted to developing Ar Ar

push—pull porphyrins since thenr7_9 and even more exciting Linearly Afunctionalized Our proposed synthetic plan for f-functionalized

results have been obtained,'®™* demonstrating the huge push-pull porphyrins push-pull benzoporphyrins

potentials of push—pull porphyrins in this area. Almost all Figure 1. Illustration of meso- and p-functionalized push—pull

reported push—pull porphyrins are functionalized at the porphyrins.

porphyrin meso-positions, and there are only a few examples
for p-functionalized push—pull porphyrins in the litera-
ture.'”*** Meso- and p-functionalization at the porphyrin
periphery is expected to have a different effect on their

electronic and optophysical properties (Figure 1). Given the Received: September 1, 2015
remarkable advances achieved with meso-functionalized push— Published: November 18, 2015
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Scheme 1. Preparation of Push—Pull opp-Dibenzoporphyrins
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pull porphyrins in recent years, S-functionalized push—pull
porphyrins hold potential to make new breakthroughs. In order
to achieve this, we believe the key is to develop concise and
versatile synthetic methods to access f-functionalized push—
pull porphyrins. Recently we have developed a Pd’ catalyzed
cascade reaction for the synthesis of benzoporphyrins.”® This
cascade reaction allows the possibility to introduce a wide range
of functional groups to the porphyrin f, p'-positions. We
wished to take advantage of the versatility of this reaction in
conjunction with the bromination chemistry of porphyrins™’ ="'
and to develop a new synthetic route that can potentially lead
to a large variety of f-functionalized push—pull porphyrins
(Figure 1). Herein, we report the synthesis and characterization
of a series of push—pull opp-dibenzoporphyrins where the push
group features the p-methoxyphenyl group and the pull groups
possess variable electron-withdrawing abilities.

B RESULTS AND DISCUSSION

Synthesis of the Materials. 7-Extended porphyrins, in
which one or more aromatic rings are fused to the porphyrin f,
P -positions, possess a unique set of electronic and photo-
phy51cal gpropertles, and thus constitute of an attractive research
field.>>~>> However, 7-extended porphyrins are notoriously
difficult to synthesize. Functionalization of #-extended
porphyrins is very challenging. In this work, we show that
through the cooperation of a palladium catalyzed cascade
reaction”® with the bromination chemistry of porphyrin,”**!

push—pull opp-dibenzoporphyrins (4a—4d and Sa—5d) are
readily prepared (Scheme 1).

The Pd° catalyzed cascade reaction involves three sequential
reactions: the Heck reaction, electro-cyclization of alkenes, and
aromatization. The synthesis of these push—pull opp-
dibenzoporphyrins started from 2,3-dibromoporphyrin 1,
which was obtained from literature-reported procedures.”®
The reaction of dibromoporphyrin 1 with a substituted alkene
in the presence of an in situ formed Pd° catalyst led to ready
installation of a benzene ring at the porphyrin S, -positions,
affording the monobenzoporphyrins 2a—2c carrying two
electron-withdrawing groups. Bromination of 2a—2c using
NBS in CHCI; generated the 12,13-dibromobenzoporphyrin
3a—3c. The fused benzene ring of 2a—2c helps to lock the
aromatic delocalization pathway of the free base porphyrins
making it possible to regioselectively brominate 2a—2c at the f,
P -positions of the crossed pyrrole ring. 3a—3c reacted with p-
methoxystyrene through the Pd° catalyzed cascade reaction to
give the free base push—pull opp-dibenzoporphyrins 4a—4c.
Zinc insertion into 4a—4c led to the push—pull zinc opp-
dibenzoporphyrins Sa—Sc. The push—pull opp-dibenzopor-
phyrins 4d and Sd bearing a cyclic imide group were prepared
from 2b possessing two vicinal ester groups. The vicinal ester
groups in 2b were converted into cyclic imide using aniline in
the presence of pyridine to afford 6d in good yield. Subsequent
regioselective bromination of 6d produced bromo-benzopor-
phyrin 7d. Then it was reacted with p-methoxystyene via Pd°
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catalyzed cascade reaction to generate 4d. The insertion of zinc
into 4d gave 5d. All of these compounds have been
characterized using 'H and *C NMR spectroscopy, and LDI-
TOF MS spectrometry (see the SI). Single crystals suitable for
X-ray crystallography were obtained for 5d through slow vapor
dispersion of MeOH into a CHClI; solution of Sd. The crystal
structure of 5d (CCDC, 1404127) shows that the porphyrin
ring is essentially planar (Figure 2). The fused benzene ring
carrying the imide group lies in the plane of the porphyrin core.
The other fused benzene is slightly deviated from the plane of
the porphyrin core.

Figure 2. X-ray crystal structure of Sd. Top: top view with 35%
thermal ellipsoids. Hydrogen atoms have been omitted for clarity.
Bottom: side view.

Electronic and Photophysical Properties. Push—pull
opp-dibenzoporphyrins 5a—5d and 4a—4d bear the same p-

methoxyphenyl donating groups on one fused benzene ring of
the porphyrin, and the groups with variable electron-with-
drawing abilities are attached on the other fused benzene ring at
the opposite S, -positions of the porphyrin. The UV—vis
absorption spectra of Sa—5d and 4a—4d in DCM are compiled
in Figure 3 and Figure S1 (see the SI), respectively. 4b, which
possesses moderate electron-withdrawing ester groups, displays
a broad Soret band at 448 nm and four Q bands in the range of
500—750 nm.

Upon switching to much stronger electron-withdrawing
cyano groups (4a), the Soret band is red-shifted by 8 to 456
nm; the Q bands of 4a are also red-shifted relative to those of
4b. These data demonstrate a stronger push—pull effect of 4a
than 4b. Simply converting the vicinal ester groups of 4b to a
cyclic imide group in 4d significantly red shifts the Soret band
by 12 to 460 nm. The Q bands of 4d are also red-shifted
relative to those of 4b. Such a remarkable substituent effect
displayed by 4d demonstrates the strong electron-withdrawing
ability of the planar cyclic imide group, which is more efliciently
conjugated to the porphyrin #-system than the two free-
rotating ester groups. On the other hand, the pyridyl bearing 4¢
shows blue-shifted Soret and Q bands relative to those of 4b,
4a, and 4d. UV—vis absorption bands of 5a, Sb, and 5d are red-
shifted relative to those of the corresponding free base
porphyrins 4a, 4b, and 4d by 5—8 nm, and exhibit a similar
trend of spectral change as observed for 4a, 4b, and 4d. In
sharp contrast, the pyridyl bearing Sc shows bathochromic-
shifted Soret and Q bands relative to those of Sa and Sb,
displaying a reversed trend. It is remarkable that the Soret band
of Sc is red-shifted by 17 nm relative to that of its free base 4c.
Such a large shift of the Soret band upon metalation indicates
that a different process has occurred during metalation (see the
SI Figure S2 for comparison of the UV—vis spectra of pyridyl
containing 2¢ and zinc-2c). UV—vis spectra of Sa—S5d were
then measured in pyridine (Figure 4).

While Sa, Sb, and Sd all display large bathochromically
shifted Soret bands (up to 14 nm) with significantly different
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Figure 3. Normalized UV—vis spectra of 5a—5d in CH,Cl, (5a, 6.99 X 107° M; 5b, 7.45 X 107° M; 5¢, 6.35 X 107 M; §d, 3.15 x 107 M).
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Figure 4. Normalized UV—vis spectra of Sa—5d in pyridine.

absorption patterns at the Q-band region (500—700 nm) in
pyridine as compared with those in CH,Cl,, those of S¢ remain
more or less similar to only a 2 nm red-shift of the Soret band.
These data suggest that the pyridyl substituents of one Sc
molecule are able to coordinate to the central zinc of another
Sc molecule in CH,Cl,, and may possibly form a coordination
framework (Figure S).

Overall, the trend observed in the UV—vis spectra of Sa—5d
in pyridine is similar to that of 4a-4d in CH,Cl,. For better
comparison, UV—vis spectra in CH,Cl, and pyridine were
overlaid for 5a—5d in Figures S5—S8 in the SI. The UV—vis
absorption spectra of the synthesized push—pull opp-
dibenzoporphyrins possess several unique features: (1) the
Soret bands are shouldered; (2) an additional weaker
absorption shows in the range of 380—40S5 nm; (3) extra Q
bands are observed in the range of 500—650 nm, noting that
four and two Q bands are expected for free base porphyrins and
metalated porphyrins, respectively. These features become
especially pronounced for the more strongly push—pull 4a, Sa,
4d, and 5d. For example, zinc porphyrin Sd shows four Q
bands, both in CH,Cl, and in pyridine. These features of the
UV—vis spectra can be partially explained by breakage of the
symmetry from D,, to C,. However, we speculate that
intramolecular charge transfers/electronic communication
involving the push and pull groups, the porphyrin core and
the central metal are likely to exist in these porphyrins.

Steady state fluorescence spectroscopy of 4a—4d and Sa—5d
was measured in CH,Cl, (Figure 6, and Figure S3 in the SI).
All the push—pull opp-dibenzoporphyrins except 4d show two
emission bands. 4d exhibits multiple overlapping emission
bands. In particular, 4a—4d display strong and broad near IR
emission bands in the range of 600—850 nm. The fluorescence
spectra of 4a—4d and Sa—35d reflect similar trends as observed
in their UV—vis absorption spectra. Since 4c and Sc carry basic
pyridyl groups, we measured their fluorescence spectroscopy in
acidic conditions by treating the porphyrin with gradual
addition of TFA in CH,Cl, solution (Figure 7 and Figure S4
in the SI). It is interesting that upon treating with TFA, the

Figure S. Proposed coordination framework of Sc in CH,Cl,. Note,
the framework is expected to exist as a mixture of oligomers.

fluorescence intensities of 4c and Sc are both significantly
decreased. While almost fully quenching of the band at 676 nm
was observed for 4c when >2.75 equiv of TFA was added, the
fluorescence band at 749 nm of 4c only displayed decreased
intensity with minimal shift when TFA < 1.83 equiv. The band
shift and the change for the band shape become more
significant when TFA > 2.75 equiv, but the intensity of the
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Figure 6. Normalized fluorescence spectra of 4a—4d in CH,Cl, at excitation wavelength 470 nm.
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Figure 7. Fluorescence emission changes (4, = 612 nm) of 4c (8.5 X 10> M) upon addition of TFA in DCM at 25 °C. (Inset) Fluorescence

intensity changes of 4c at 4 = 676 nm as a function of equivalent of TFA.

band decreased less significantly. The fluorescence bands of Sc¢
displayed a similar trend. These phenomena are not observed
for other free base and zinc(II) porphyrins. In order to better
understand these phenomena, 4c (Figure 8) was titrated with
TFA, and the UV—vis absorption spectroscopy was used to
monitor the titration process. Upon addition of <~2.0 equiv of
TFA, the intensity of the Soret band of 4c decreased, but the
absorption intensity of the Q-band at 612 nm increased slightly
(see insets in Figure 8). On the other hand, both the shifts of
the Soret band and the Q bands were neglectable. When >2.0
equiv of TFA was added, more significant shifts of the Soret
band and the Q bands were observed. When large excess of
TFA was added, the UV—vis absorption bands displayed

12080

significant bathochromic shifts. The Soret band was much
broadened and the Q bands were much enhanced. These data
suggest that, upon treatment with TFA, protonation of the
basic pyridyl moieties of 4c occurs first followed by protonation
of the free base porphyrin.”® Based on these data, it can be
concluded that the fluorescence quenching observed for 4c in
the presence of TFA is mainly caused by the protonation of
pyridyl groups of 4c.

The absorption and emission data are summarized in Table 1
for Sa—5d.

Electrochemical Properties. Electrochemistry of the
Zn(I) porphyrins Sa to Sd was investigated by cyclic
voltammetry in CH,Cl, and pyridine containing 0.1 M

DOI: 10.1021/acs.joc.5b01906
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Figure 8. UV—vis absorbance changes of 4¢ (2.45 X 107® M) upon addition of TFA in DCM at 25 °C. (Inset) Absorbance changes of 4c at A = 445

nm and A = 612 nm as a function of TFA concentration.

Table 1. Absorption and Emission Data of 5a—5d

Amax B (nm) emission (nm)
in in in CHCl, in @ F in

compounds CH,Cl, Pyr (log €) CH,Cl, in Pyr DMF

sa 462 476 468 (535) 635, 641, 0.028
697 710

Sb 453 465 453 (5.38) 632, 640, 0.021
696 705

5c 463 465 458 (5.39) 636, 641, 0.035
698 707

sd 468 481 474 (535) 634, 643, 0.027
700 713

“Fluorescence quantum yields were calculated using TPP (4., = 601
nm, ®F = 0.11 in DMF)?” as a standard in DMF at 25 °C.

TBAP. Each compound exhibits two oxidations and two or
three reductions in CH,Cl, as shown in Figure 9.

The two oxidations and the first reduction of each porphyrin
are reversible. The second reduction of 5c is also reversible but
this process is irreversible for compounds Sa, 5d, and Sb in
CH,Cl,. The first two electron additions are porphyrin ring
centered and generate a porphyrin 7-anion radical and dianion
but the dianion formed during the second reduction is not
stable in the case of Sa, Sb, or 5d and is converted to a phlorin
anion via a homogeneous chemical reaction described in earlier
publications for related compounds.”®™* The chemically
generated phlorin anion is electroactive and can be further
reduced at more negative potentials to a phlorin dianion. It can
also be reoxidized to give back the neutral porphyrin at a peak
potential of —0.38 to —0.40 V. Taking compound Sa as an
example, three reductions are observed in CH,Cl,, the first at
E,, = =126V, the second at E,. = —1.65 V, and the third at
Ej; = =191V, as seen in Figure 9. The reoxidation peak at E,
= —038 V is coupled to the second reduction. A third
reduction is not observed for porphyrins Sd or Sb due to the

12081

fact that this reaction occurs at E;,, values more negative than
the solvent potential limit of CH,Cl,. A third reduction is also
not seen for Sc¢, which is more difficult to reduce than the other
three porphyrins and lacks a reoxidation peak at —0.38 V. The
first reduction of Sc, which has the proposed coordination
framework shown in Figure 5, is located at E;;, = —1.42 V
which is 130—160 mV more negative than E, , for reduction of
Sa, Sb, or 5d (E;;, = —1.26 to —1.29 V) in the same solvent.
This large negative shift in reduction potential for Sc is
consistent with a coordination between the Zn(II) center of
one porphyrin molecule and the pyridyl group(s) from another
as schematically shown in Figure 5. Changing from the
nonbinding solvent CH,CIl, to the strongly binding solvent
pyridine results in a change from four coordinate Zn(II) to five
coordinate Zn(Py) for compounds Sa, 5d, and Sb and the
occurrence of two well-defined reversible reductions for all four
porphyrins (Figure 10). The E, , for first reduction in pyridine
ranges from —1.19 to —1.30 V and the second from —1.61 to
—1.79 V. A chemical reaction following the second reduction of
5S¢, b, and 5d is not observed in pyridine (as is the case in
CH,Cl,) due to the smaller proton concentration in this
solvent. In addition, the fact that Sb and Sc exhibit exactly the
same reduction potentials in pyridine suggests the same five-
coordinate Zn(Py) form of the porphyrin in this solvent. The
first oxidation of Sa in CH,Cl, occurs at E;/, = 0.78 V while
E ), = 0.72 V for 5b, 5¢, and 5d. The second oxidation of Sa
and Sc are identical within experimental error while the E,
values for oxidation of b and 5d are exactly identical, as seen in
Figure 9. Thus, conversion of the vicinal esters in Sb to the
cyclic imide in 5d does not shift the oxidation potentials, but
replacing the moderately electron-withdrawing ester groups of
Sb with strongly electron-withdrawing cyano groups in Sa
positively shifts both the first and the second oxidations by 60
and 40 mV, respectively.

DOI: 10.1021/acs.joc.5b01906
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Figure 9. Cyclic voltammograms of investigated dibenzo zinc porphyrins in CH,Cl,, 0.1 M TBAP.
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Figure 10. Cyclic voltammograms of investigated zinc dibenzopor-
phyrins in pyridine, 0.1 M TBAP.

While Sb and Sc exhibit almost the same reduction
potentials, the first and the second reduction potentials of Sa
are shifted positively in pyridine by 110 mV and 180/170 mV,
respectively, relative to those of Sb and Sc (see Figure 10). The
incorporation of two cyano groups in the push—pull opp-
dibenzoporphyrin Sa shifts both the oxidation and the
reduction potentials positively as compared to the other
porphyrins in CH,Cl,. Overall, a variation in the strength of
the electron-withdrawing groups makes a bigger impact on the
reduction potentials than the oxidation potentials for these f-
functionalized push—pull opp-dibenzoporphyrins.

The electrochemical data are summarized in Table 2. The
electrochemical HOMO—LUMO energy gaps, calculated from
reversible potentials for the first oxidation and first reduction in
CH,Cl, follows the order: 5d (1.99) < 5b (2.01) < Sa (2.04) <
Sc (2.14). On the other hand, the HOMO-LUMO gap
calculated from UV—vis absorption data is in the order of 5d <
Sc < Sa < Sb. It is not clear to us what factors cause the
discrepancy between these two energy gaps.

DFT Calculation. DFT calculations were conducted for
S5a—5d to provide insights into the electronic and electro-
chemical properties of these compounds (Figure 11). The
electronic density on the HOMO and the LUMO+1 of these

Table 2. Electrochemical Data of Sa—Sd

compounds E,, (V) (DCM) E.q (V) (DCM) E.q (V) (DCM)
Sa 0.78 —-1.26 —1.19
Sb 0.72 —1.29 —1.30
Sc 0.72 —1.42 —-1.30
sd 0.72 —1.27 —1.23

AE (V) (DCM)  Eoo" (eV) (DCM)  Eo” (V) (Byr)  AEy”
2.04 2.0493 2.0342 2.61
2,01 2.0561 2.0578 2.60
2.14 2.0459 2.0544 2.56
1.99 2.0375 2.0259 2.61

“Ey_o was determined from the intersection of normalized absorption and emission spectra. "HOMO—LUMO energy gaps were calculated by DFT

calculations with B3LYP/6-31G(d) level.
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Figure 11. Calculated HOMOs, LUMOs, and energy levels (eV) for Sa—5d (B3LYP/6-31G(d)).

porphyrins is significantly distributed over the porphyrin ring
and the two fused benzene rings. The participation of the two
pyrroles bearing no substituents in the LUMO+1 is much less
than that of the two neighboring pyrroles bearing substituents,
suggesting some “locking effect” due to the fusion of the two
benzene rings.

The electron density of the LUMO and the HOMO-1 of
these porphyrins is mainly located at the z-systems of the
porphyrin core. The introduction of a strongly electron-
withdrawing group (i.e, —CN) slightly increases the partic-
ipation of the fused benzene ring bearing the electron-
withdrawing group in the LUMO and the fused benzene ring
bearing the electron-donating group in the HOMO—1. On the
other hand, the HOMO and LUMO+1 involve both the
porphyrin core and the two fused benzene rings. The
introduction of a strongly electron-withdrawing group (i.e.,
—CN) enhances the participation of the electron-withdrawing
groups in both the HOMO and LUMO+1. It is notable that the
electron-donating p-methoxyphenyl group is only minimally
involved in the HOMO and HOMO-1 of these porphyrins
due to their restricted rotation forcing the benzene rings to
adopt a perpendicular position relative to the porphyrin plane.

B CONCLUSIONS

In summary, the synthesis of a novel class of push—pull opp-
dibenzoporphyrins is described in this work. The versatile
synthetic methods demonstrated in this work open a new door
for functionalizing porphyrins. The electronic and electro-
chemical properties of these push—pull opp-dibenzoporphyrins
are susceptible to changes in substituents suggesting their easy
tunability. For example, the replacement of the two vicinal ester
groups (Sb) both with two strongly electron-withdrawing
cyano groups (5a) and with a moderately electron-withdrawing
cyclic imide group (5d) can significantly narrow their HOMO—
LUMO energy gaps. On the other hand, the substituent effects

on the energy levels of their frontier orbitals are different. While
the energy levels for the HOMO and HOMO-1 of the imide
carrying 5d remain identical with those of the ester carrying Sb,
those of Sa are both moderately lowered relative to those of Sb.
It should also be noted that the pyridyl carrying 4c exhibits
fluorescence quenching in the presence of TFA, a phenomenon
that is not observed in other free base porphyrins.

These push—pull opp-dibenzoporphyrins display interesting
UV—vis absorption spectra and near-IR fluorescence, which can
be useful as sensitizers in a number of applications such as dye-
sensitized solar cells, nonlinear optical applications, and
photodynamic therapy. They may also serve as model systems
to study intra- and intermolecular electron transfer. The
structure—property study has shown that the incorporation of a
strong electron-withdrawing group has significant impact on
the electronic and electrochemical properties of the porphyrins.
On the other hand, the electron-donating group, ie., p-
methoxyphenyl group, shows a limited influence on the
electronic and electrochemical properties of the porphyrins.
This is likely due to that the two vicinal aryl rings are forced to
adopt a dominant position perpendicular to the porphyrin ring
due to the restricted rotation of these two rings. As such,
electron-donation through resonance is not in play for these
two methoxy groups, leading to minimal push effect. Future
direction for the development of f-functionalized push—pull
benzoporphyrins will lie in the development of electron-
donating groups that can conjugate more effectively to the
porphyrin 7-system, so that more eflicient electronic
communications engaging the electron-donating group, the
electron-withdrawing group and the porphyrin z-system can be
achieved.

B EXPERIMENTAL SECTION

All solvents were analytical reagent grade, and were used without
further purification unless otherwise noted. Analytical TLC’s were
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performed on silica TLC plates. Column chromatography was
performed on silica gel (40—63 um). All NMR spectra were recorded
on 500 MHz ("H NMR), 125 MHz (**C NMR)) spectrometer. All
samples were prepared in CDCl;, MeOD or d-pyridine and chemical
shifts were referenced to CHCly at 7.26 ppm for 'H NMR and
referenced to the CDCl, at 77.0 ppm for '*C NMR. Mass spectra were
obtained on MALDI-TOF mass spectrometer. UV—vis spectra were
recorded on UV—vis-NIR spectrometer in CH,Cl,, CHCI; or pyridine.

Cyclic voltammetry was carried out at 298 K. A homemade three-
electrode cell consisted of a glassy carbon-working electrode, a
platinum counter electrode, and a homemade saturated calomel
reference electrode (SCE) was used for cyclic voltammetric measure-
ments. The SCE was separated from the bulk of the solution by a
fritted glass bridge of low porosity, which contained the solvent/
supporting electrolyte mixture. High purity N, was used to
deoxygenate the solution and kept over the solution during each
electrochemical and spectroelectrochemical experiment. Dibromo
porphyrin 1 was synthesized according to previously published
procedure.”®

Procedure for the Synthesis of Monobenzoporphyrin 2a.
Dibromoporphyrin 1 (100 mg, 0.11 mmol) and K,CO; (30 mg, 0.22
mmol) were added to a Schlenk flask and dried under vacuum. The
vacuum was released under argon to allow the addition of dry THF
(20 mL). The mixture was then degassed via four freeze—pump—thaw
cycles before the addition of PA[P(tBu);], (15 mg, 0.03 mmol) and
acrylonitrile (0.13 mL, 2.0 mmol). The Schlenk flask was then sealed
and heated at 50 °C for 40 h. The solvent was removed and the
residue was redissolved in toluene. Pd/C (20 mg) was added and the
resulting mixture was refluxed for 24 h. The reaction mixture was
diluted with EtOAc and was washed with water for 3 times. The
organic layer was removed solvent under reduced pressure. The
resulting residue was subjected to silica column chromatography
(CH,Cl,/cyclohexane). The band containing the desired porphyrin 2a
was collected and was recrystallized from CH,Cl,/MeOH.

5,10,15,20-Tetrakis[4-(1-methylethyl)phenyl]benzo[b]-
porphinato-2% 2>-dicarbonitrile (2a). C;,HyNg purple crystalline
solid (mp >300 °C), 35 mg, 0.04 mmol, 40%. UV—vis (CH,Cl,)
Amax (rel. inten.) 441 nm (1.000), 531 (0.046), 606 (0.009) 667
(0.001); 'H NMR (500 MHz, CDCL,) & 9.01 (s, 4H), 8.78 (s, 2H),
8.16 (d, ] = 7.9 Hz, 4H), 8.09 (d, ] = 7.8 Hz, 4H), 7.75 (d, ] = 7.8 Hz,
4H), 7.66 (d, ] = 7.8 Hz, 4H), 7.21 (s, 2H), 3.38 (dt, ] = 13.8, 6.9 Hz,
2H), 3.30 (dt, J = 13.7, 6.9 Hz, 2H), 1.65 (d, ] = 6.9 Hz, 12H), 1.61—
1.53 (m, 12H), —2.65 (s, 2H). '*C NMR (126 MHz, CDCl;) § 156.1,
150.8, 148.7, 146.6, 143.0, 139.2, 139.0, 138.9, 138.9, 134.8, 134.7,
133.6, 130.5, 128.7, 1284, 126.2, 125.0, 121.8, 118.6, 116.8, 110.7,
34.5, 34.1, 24.6, 24.3. IR (neat, diamond ATR): see Figure S11, SI;
HRMS (ESI) m/z: [M + H]" Calcd for C¢,HsNg 883.4488; Found
883.4507. MS (MALDI-TOF) m/z: 882.354 [M]".

General Procedure for the Synthesis of Benzoporphyrins
2b—2c. Dibromoporphyrin 1 (100 mg, 0.11 mmol), palladium acetate
(2 mg, 0.01 mmol), triphenylphosphine (6 mg 0.02 mmol), and
K,CO; (30 mg 0.22 mmol) were added to a Schlenk flask and dried
under vacuum. The vacuum was released under argon to allow the
addition of dry DMF (10 mL) and dry toluene (10 mL). The mixture
was then degassed via four freeze—pump—thaw cycles before the vessel
was purged with argon again. Then the vinyl precursor (20-fold
excess) was added. The Schlenk flask was sealed and was heated to
reflux for 48 h. After 48 h, the reaction mixture was diluted with
EtOAc and was washed with water 3 times. The organic layer was
removed solvent under reduced pressure. The residue was subjected to
silica column chromatography (CH,Cl,/MeOH). The band contain-
ing the desired porphyrins 2b—2c¢ was collected and was recrystallized
from CH,Cl,/MeOH.

Dimethyl-5,10,15,20-tetrakis[4-(1-methylethyl)phenyl]benzo[b]-
porphinato-2% 23-dicarboxylate (2b). C4HgN,O, purple crystalline
solid (mp >300 °C), 58 mg, 0.06 mmol, 61%. UV—vis (CH,CL,) 4.,
(rel. inten) 433 nm (1.000), 525 (0.051), 600 (0.016), 660 (0.002);
'"H NMR (500 MHz, CDCl,) 6 8.94 (d, ] = 4.9 Hz, 2H), 8.90 (d, ] =
4.8 Hz, 2H), 8.75 (s, 2H), 8.19—8.07 (m, ] = 16.4, 7.8 Hz, 8H), 7.70
(d, J = 7.8 Hz, 4H), 7.62 (d, ] = 7.8 Hz, 4H), 7.46 (s, 2H), 3.89 (s,

6H), 3.34 (dt, ] = 13.9, 6.9 Hz, 2H), 3.27 (dt, ] = 13.8, 7.0 Hz, 2H),
1.61 (d, ] = 6.9 Hz, 12H), 1.55 (d, ] = 6.9 Hz, 12H), —2.61 (s, 2H).
BC NMR (126 MHz, CDCl;) & 168.7, 149.7, 148.4, 143.0, 139.4,
139.2, 134.8, 134.0, 133.8, 129.0, 128.0, 128.0, 125.9, 12§.5, 124.9,
121.3, 118.0, 52.5, 34.3, 34.1, 24.5, 24.3. IR (neat, diamond ATR): see
Figure S12, SI; HRMS (ESI) m/z: [M + H]" Calcd for C,Hg N,O,
949.4693; Found 949.4703. MS (MALDI-TOF) m/z: 948.373 [M]*.

5,10,15,20-Tetrakis[4-(1-methylethyl)phenyl]-22,23-di(pyridine-4-
ylbenzo[b]porphyrin (2c). C,,H,N purple crystalline solid (mp
>350 °C), 45 mg, 0.04 mmol, 46%. UV—vis (CH,Cl,) A, (rel. inten.)
434 nm (1.000), 523 (0.050), 599 (0.014); 'H NMR (500 MHyz,
CDCly) 6 8.96 (d, ] = 4.7 Hz, 2H), 8.88 (d, ] = 4.7 Hz, 2H), 8.77 (s,
2H), 8.48 (d, ] = 5.1 Hz, 4H), 8.22—8.11 (m, 8H), 7.72—7.59 (m,
8H), 7.26 (s, 2H), 6.97 (d, ] = 5.4 Hz, 4H), 3.43—3.14 (m, 4H), 1.57
(d, J = 6.9 Hz, 12H), 1.49 (d, ] = 6.9 Hz, 12H), —2.55 (s, 2H). *C
NMR (126 MHz, CDCl,) § 149.5, 149.4, 148.4, 139.9, 139.3, 135.2,
134.7, 133.9, 133.7, 128.0, 127.7, 127.1, 125.9, 124.9, 124.8, 1214,
117.4, 342, 34.1, 24.3, 24.29. IR (neat, diamond ATR): see Figure
S13, SI; HRMS (ESI) m/z: [M + H]* Calcd for C,oH;Ny 987.5114;
Found 987.5125. MS (MALDI-TOF) m/z: 986.419 [M]".

General Procedure for the Synthesis of Dibromoporphyrins
3a—3c. Monobenzoporphyrin 2a—2¢ (1 equiv) and N-bromosucci-
nimide (2.5 equiv) was dissolved in dry chloroform. The mixture was
reflux for 6—12 h. The reaction progress was monitored with UV—vis
spectroscopy. After the reaction was completed, the reaction mixture
was washed with aqueous NaOH, water, and brine. The organic layer
was removed solvent under reduced pressure, and the resulting residue
was recrystallized in CH,Cl,/MeOH to afford the pure compound
3a—3c.

12,13-Dibromo-5,10,15,20-tetrakis[4-(1-methylethyl)phenyl]-
benzo[bjporphinato-22,2*-dicarbonitrile (3a). C4Hs,Br,Ns brown
solid (mp >280 °C), 37 mg, 0.04 mmol, 91%. UV—vis (CH,CL) A,
(rel. inten.) 448 nm (1.000), 540 (0.056), 616 (0.014), 684 (0.014);
'H NMR (500 MHz, CDCI,) & 8.90 (d, J = 3.6 Hz, 2H), 8.82 (d, ] =
3.6 Hz, 2H), 8.14—8.02 (m, 8H), 7.73 (d, ] = 7.8 Hz, 4H), 7.64 (d, ] =
7.8 Hz, 4H), 7.18 (s, 2H), 3.39—3.30 (m, 2H), 3.30—3.22 (m, 2H),
1.61 (d, J = 6.9 Hz, 12H), 1.53 (d, J = 6.8 Hz, 12H), —2.69 (s, 2H).
BC NMR (126 MHz, CDCl;) § 151.0, 149.8, 1482, 147.6, 142.7,
140.4, 139.8, 138.2, 138.11, 135.4, 134.0, 130.3, 129.9, 128.4, 126.3,
125.7, 125.1, 121.7, 118.7, 116.6, 111.2, 34.5, 34.2, 24.5, 24.4. HRMS
(ESI) m/z: [M + H]* Calcd for Cg,Hg,Br,Ng 1041.2678; Found
1041.2677. MS (MALDI-TOF) m/z: 1041.174 [M + H]".

Dimethyl-12,13-dibromo-5,10,15,20-tetrakis[4-(1-methylethyl)-
phenyl]lbenzo[b]porphinato-22,23-dicarboxylate (3b).
Cg4HsgBr,N,O, brown solid (mp >250 °C), SS mg, 0.05 mmol,
96%. 'H NMR (500 MHz, CDCl,) & 8.85 (d, J = 3.8 Hz, 2H), 8.74 (d,
] = 4.0 Hz, 2H), 8.17—8.04 (m, ] = 7.4, 5.5 Hz, 8H), 7.69 (d, ] = 7.7
Hz, 4H), 7.63 (d, ] = 7.8 Hz, 4H), 7.39 (s, 2H), 3.86 (s, 6H), 3.38—
3.10 (m, ] = 27.0, 13.7, 6.8 Hz, 4H), 1.58 (d, ] = 6.9 Hz, 12H), 1.53 (d,
J = 6.9 Hz, 12H), —2.59 (s, 2H). *C NMR (126 MHz, CDCl;)
1684, 149.9, 149.8, 149.5, 147.3, 142.7, 140.8, 138.9, 138.6, 1384,
135.4, 1342, 129.4, 1294, 127.8, 126.0, 125.6, 125.3, 124.1, 121.3,
118.1, 52.5, 34.3, 34.2, 24.4, 24.4. HRMS (ESI) m/z: [M + H]* Calcd
for C44HyBr,N,O, 1107.2887; Found 1107.2924 MS (MALDI-TOF)
m/z: 1107.336 (M+H)".

12,13-Dibromo-5,10,15,20-tetrakis[4-(1-methylethyl)phenyl]-
22 2-di(pyridine-4-yl)benzo[blporphyrin (3c). C,yHg,Br,Ng brown
solid (mp >280 °C), 42 mg, 0.04 mmol, 92%. UV—vis (CH,CL) A,
(rel. inten.) 444 nm (1.000), 536 (0.058), 610 (0.018), 678 (0.004);
"H NMR (500 MHz, CDCl;) 6 8.89 (d, ] = 4.4 Hz, 2H), 8.74 (d, ] =
4.5 Hz, 2H), 8.47 (d, ] = 4.8 Hz, 4H), 8.14 (dd, J = 18.6, 7.7 Hz, 8H),
7.72—7.60 (m, 8H), 7.20 (s, 2H), 6.96 (d, ] = 4.9 Hz, 4H), 3.42-3.14
(m, J =20.7, 13.7, 6.7 Hz, 4H), 1.56 (d, J = 6.9 Hz, 12H), 1.48 (d, ] =
6.9 Hz, 12H), —2.52 (s, 2H). '*C NMR (126 MHz, CDCl,) § 150.5,
149.8, 149.5, 149.4, 149.3, 147.1, 141.9, 140.9, 139.1, 138.7, 138.4,
135.5, 1354, 134.0, 129.5, 127.5, 127.0, 126.0, 125.6, 124.8, 124.0,
121.4, 117.5, 34.2, 34.2, 24.4, 24.3. HRMS (ESI) m/z: [M + H]* Calcd
for C,oHgBr,Ng 1145.3304; Found 1145.3335. MS (MALDI-TOF)
m/z: 983.403 [M-2Br]*.
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General Procedure for the Synthesis of Dibenzoporphyrins
4a—4c. Dibromoporphyrin 3a—3c (1 equiv), palladium acetate (0.01
equiv), triphenylphosphine (0.02 equiv) and K,CO; (2 equiv) were
added to a Schlenk flask and dried under vacuum. The vacuum was
released under argon to allow the addition of dry DMF (10 mL) and
dry toluene (10 mL). The mixture was then degassed via four freeze—
pump—thaw cycles before the vessel was purged with argon again. p-
methoxystyrene (15-fold excess) was added. The Schlenk flask was
sealed and was heated to reflux for 72 h. The mixture was then diluted
with EtOAc and was washed with water for 3 times. The organic layer
was removed under reduced pressure. The resulting residue was
subjected to silica column chromatography (CH,Cl,/cyclohexane or
CH,Cl,/MeOH). The bands containing the desired porphyrins 4a —
4c were collected and were recrystallized from CH,Cl,/MeOH.

5,10,15,20-Tetrakis[4-(1-methylethyl)phenyl]-122,123-bis(4-
methoxyphenyl)dibenzo  [b,l]porphinato-2223-dicarbonitrile (4a).
CgoHgsNgO, purple crystalline solid (mp >300 °C), 14 mg, 0.012
mmol, 30%. UV—vis (CH,CL,) 4. (log £) 456 nm (5.61), 541 (4.28),
579 (4.33), 615 (4.11). "H NMR (500 MHz, CDCl;) § 8.93 (d, ] = 3.8
Hz, 2H), 8.86 (d, ] = 4.8 Hz, 2H), 8.15 (d, ] = 7.8 Hz, 4H), 8.10 (d, J
=7.8 Hz, 4H), 7.75 (d, ] = 7.8 Hz, 4H), 7.67 (d, ] = 7.8 Hz, 4H), 7.21
(s, 2H), 7.19 (s, 2H), 6.98 (d, ] = 8.5 Hz, 4H), 6.76 (d, ] = 8.5 Hz,
4H), 3.84 (s, 6H), 3.37 (dt, ] = 13.4, 6.7 Hz, 2H), 3.26 (dt, ] = 13.9,
7.0 Hz, 2H), 1.65 (d, ] = 6.9 Hz, 12H), 1.50 (d, ] = 6.9 Hz, 12H),
—2.49 (s, 2H). C NMR (126 MHz, CDCl;) § 158.1, 151.8, 150.7,
149.5, 145.8, 142.2, 140.8, 140.4, 139.3, 138.7, 138.3, 134.5, 133.7,
131.1, 1303, 128.4, 127.7, 127.0, 1262, 126.0, 119.3, 118.5, 116.9,
113.3, 110.4, 55.2, 34.5, 34.0, 24.5, 24.3. IR (neat, diamond ATR): see
Figure S14, SI; HRMS (ESI) m/z: [M + H]" Calcd for CgoHgoN4O,
1145.5482; Found 1145.5491. MS (MALDI-TOF) m/z: 1144.470
(M]".

Dimethyl-5,10,15,20-Tetrakis[4-(1-methylethyl)phenyl]-122,123-
bis(4-methoxyphenyl)dibenzo[b,l]porphinato-2%23-dicarboxylate
(4b). Cg,H,,N,O purple crystalline solid (mp >300 °C), 12 mg, 0.010
mmol, 40%. UV—vis (CH,Cl,) A, (log &) 447 nm (5.62), 532 (4.34),
566 (4.08), 612 (3.84). '"H NMR (500 MHz, CDCL,) 5 8.83 (d, ] = 3.7
Hz, 2H), 8.79 (d, ] = 4.7 Hz, 2H), 8.18—8.08 (m, 8H), 7.69 (d, ] = 7.9
Hz, 4H), 7.63 (d, ] = 7.9 Hz, 4H), 7.43 (s, 2H), 7.17 (s, 2H), 6.96 (d, ]
= 8.6 Hz, 4H), 6.73 (d, ] = 8.6 Hz, 4H), 3.87 (s, 6H), 3.80 (s, 6H),
3.33 (dt, J = 13.8, 6.9 Hz, 2H), 3.23 (dt, ] = 13.8, 6.9 Hz, 2H), 1.60 (d,
J =69 Hz, 12H), 1.47 (d, ] = 6.9 Hz, 12H), —2.51 (s, 2H). *C NMR
(126 MHz, CDCL,) & 168.7, 158.1, 150.7, 149.7, 149.3, 147.9, 142.4,
140.8, 139.7, 139.5, 139.2, 138.5, 138.1, 134.8, 133.9, 133.7, 131.1,
128.8, 127.7, 127.2, 126.8, 12591, 125.87, 1253, 118.8, 1182, 113.3,
552, 34.3, 34.2, 24.4, 24.3. IR (neat, diamond ATR): see Figure S1S,
SI; HRMS (ESI) m/z: [M + H]* Calcd for Cg,H,sN,O4 1211.5687;
Found 1211.5741. MS (MALDI-TOF) m/z: 1210.538 [M]".

5,10,15,20-Tetrakis[4-(1-methylethyl)phenyl]-22,2*-di(pyridine-4-
yl)-122,123-bis(4-methoxyphenyl)dibenzo[b,l]porphyrin (4c).
CqgsH,(NGO, purple crystalline solid (mp >300 °C), 76 mg, 0.061
mmol, 70%. UV—vis (CH,Cl,) 4., (log £) 445 nm (5.41), 529 (4.32),
612 (3.80), 669 (3.45). '"H NMR (500 MHz, CDCl;) 6 8.81 (s, 4H),
8.44 (d, ] = 5.3 Hz, 4H), 8.14 (d, ] = 7.9 Hz, 8H), 7.72—7.58 (m, 8H),
7.21 (s, 2H), 7.17 (s, 2H), 7.03—6.88 (m, 4H), 6.73 (d, ] = 8.6 Hz,
4H), 3.81 (s, 6H), 3.30—3.17 (m, 4H), 1.52—1.43 (m, 24H), —2.51 (s,
2H). *C NMR (126 MHz, CDCl,) § 158.1, 150.5, 149.5, 149.5, 149.3,
148.5, 141.7, 140.8, 139.7, 139.7, 139.2, 138.6, 138.1, 134.9, 134.8,
1337, 131.1, 1282, 127.3, 1272, 1269, 126.8, 1259, 125.9, 124.9,
118.3, 1183, 113.3, 55.2, 34.22, 34.20, 24.3. IR (neat, diamond ATR):
see Figure S16, S, HRMS (ESI) m/z: [M + HJ]* Caled for
CesH,7N¢O, 1249.6108; Found 1249.6135 MS (MALDI-TOF) m/z:
1249.525 [M + H]".

General Procedure for the Synthesis of Zinc Dibenzopor-
phyrins 5a—5c. Dibenzoporphyrin 4a—4d (1 equiv) and Zn(OAc),
(10 equiv) were dissolved in 1:3 MeOH/CHCI, mixture. The mixture
was reflux for 12 h. Reaction completion was monitored with TLC.
After completion of the reaction, the solvent was removed. Residue
was dissolved in CHCI; and was washed with water and brine. After
removal of the solvent, the product was recrystallized in CH,Cl,/
MeOH to obtain the pure compound Sa—5d.

5,10, 75,20—Tetrakis[4—(1—methylethyl)ghenyl]— 122,123-bis(4-
methoxyphenyl)dibenzo [b,l]porphinato-222*-dicarbonitrile, Zinc
(50). CgHgNgO,Zn green solid (mp >300 °C), 10 mg, 0.008
mmol, 95%. UV—vis (CHCL;) .., (log €) 397 nm (4.23) 468 (5.35),
591 (4.17), 617 (4.05). "H NMR (500 MHz, CDCl,) 6 8.96 (d, ] = 4.7
Hz, 2H), 8.86 (d, ] = 4.7 Hz, 2H), 8.08 (d, ] = 7.9 Hz, 4H), 8.04 (d, ]
=79 Hz, 4H), 7.72 (d, ] = 7.9 Hz, 4H), 7.64 (d, ] = 7.9 Hz, 4H), 7.38
(s, 2H), 7.37 (s, 2H), 6.99 (d, ] = 8.6 Hz, 4H), 6.76 (d, ] = 8.6 Hz,
4H), 3.82 (s, 6H), 3.35 (dt, J = 13.9, 6.9 Hz, 2H), 3.25 (dt, ] = 13.9,
6.9 Hz, 2H), 1.63 (d, ] = 7.0 Hz, 12H), 1.50 (d, ] = 6.9 Hz, 12H). °C
NMR (126 MHz, CDC13) 6 158.2, 152.0, 150.5, 149.7, 149.3, 147.1,
141.6, 140.1, 139.7, 139.5, 139.1, 138.7, 134.6, 133.1, 133.0, 132.1,
131.5, 1312, 131.1, 1272, 126.0, 125.9, 120.5, 119.5, 117.0, 1134,
109.5, 55.2, 34.5, 34.2, 24.6, 24.3. IR (neat, diamond ATR): see Figure
$20, SI; HRMS (MALDI-TOF) m/z: [M]* Calcd for CgoHgNO,Zn
1206.4539; Found 12062983 (see SI for isotopic spectrum). MS
(MALDI-TOF) m/z: 1206.416 [M]*.

Dimethyl-5,10,15,20-tetrakis[4-(1-methylethyl)phenyl]-122,123-
bis(4-methoxyphenyl) dibenzo[b,l]porphinato-222*-dicarboxylate,
Zinc (5b). Cg,H;,N,O¢Zn green solid (mp >300 °C), 12 mg, 0.009
mmol, 96%. UV—vis (CH,Cl,) A,,.x (log €) 453 nm (5.45), 554 (3.92),
585 (4.30), 630 (4.03). 'TH NMR (500 MHz, CDCl,) 5 8.83 (d, ] = 4.7
Hz, 2H), 8.79 (d, ] = 4.6 Hz, 2H), 8.17—8.04 (m, 8H), 7.67 (d, ] = 7.8
Hz, 4H), 7.64-7.59 (m, 6H), 7.39 (s, 2H), 7.01 (d, J = 8.5 Hz, 4H),
6.76 (d, ] = 8.5 Hz, 4H), 3.90 (s, 6H), 3.83 (s, 6H), 3.34 (dt, ] = 13.9,
7.0 Hz, 2H), 3.25 (dt, ] = 13.6, 6.8 Hz, 2H), 1.61 (d, ] = 6.9 Hz, 12H),
1.50 (d, J = 6.9 Hz, 12H). '3C NMR (126 MHz, CDCl,) § 168.8,
158.1, 150.9, 149.8, 149.3, 149.0, 145.9, 143.4, 140.6, 140.4, 140.1,
139.1, 138.1, 134.8, 133.3, 133.2, 131.4, 131.2, 131.0, 128.2, 127.0,
125.8, 125.7, 125.7, 119.9, 119.1, 113.3, 55.2, 52.5, 34.3, 34.2, 24.,
244. IR (neat, diamond ATR): see Figure S21, SI; HRMS (MALDI-
TOF) m/z: [M]" Caled for Cg,H;,N,O¢Zn 1272.4743; Found
1272.2726 (see SI for isotopic spectrum). MS (MALDI-TOF) m/z:
1272467 [M]*.

5,10,15,20-Tetrakis[4-(1-methylethyl)phenyl]-22,23-di(pyridine-4-
yl)-12%,123-bis(4-methoxyphenyl)dibenzo[b,lIporphyrin, Zinc (5c).
CgsH,,N¢O,Zn green amorphous solid (mp >300 °C), 12 mg, 0.009
mmol, 80%. UV—vis (CHCl;) .., (log €) 458 nm (5.39), 588 (4.34),
634 (3.97). "H NMR (500 MHz, CDCl;) 6 8.82 (s, 4H), 8.45 (d, ] =
4.7 Hz, 4H), 8.12—8.04 (m, 8H), 7.62—7.56 (m, 8H), 7.42 (s, 2H),
7.39 (s, 2H), 7.04—6.94 (m 8H), 6.75 (d, ] = 7.6 Hz, 4H), 3.79 (s,
6H), 3.30—3.14 (m, 4H), 1.57—1.38 (m, 24H). *C NMR (126 MHz,
CDCl,) 6 158.0, 150.6, 149.9, 149.9, 149.7, 148.9, 148.7, 145.3, 143.5,
1412, 140.1, 139.4, 137.6, 135.7, 134.9, 134.2, 133.3, 133.2, 13122,
130.8, 127.1, 1269, 125.4, 1254, 124.9, 123.5, 118.9, 118.9, 113.3,
$5.1, 342, 34.1, 24.4. IR (neat, diamond ATR): see Figure S22, SI;
HRMS (ESI) m/z: [M + 2H]** Calcd for CgsH,sN4O,Zn 656.2660;
Found 656.2675. MS (MALDI-TOF) m/z: 1310.533 [M]".

Procedure for the Synthesis of Monobenzoporphyrin 6d.
Monobenzoporphyrin 2¢ (57 mg, 0.06 mmol) was desolved in 1:1
mixture of aniline and pyridine (6 mL). Mixture was refluxed for 72h.
Reaction was monitored by TLC. After completion of the reaction
solvent was removed under vacuum. Residue was recrystallized in
MeOH/CH,Cl, and purified via silica column chromatography
(CH,Cl,/cyclohexane) to obtain compound 6d.

5,10,15,20-Tetrakis[4-(1-methylethyl)phenyliporphinato[2,3-f]-
isoindole-1,3(2H)-dione, 2-phenyl (6d). C4HNO, purple crystal-
line solid (mp >300 °C), 40 mg, 0.04 mmol, 66%. UV—vis (CH,Cl,)
Amax (rel. inten.) 446 nm (1.000), 530 (0.074), 607 (0.021), 667
(0.004); 'H NMR (500 MHz, CDCl,) 6 8.99 (br.s, 4H), 8.78 (s, 2H),
8.18 (d, ] = 7.9 Hz, 4H), 8.14 (d, J = 7.8 Hz, 4H), 7.75 (d, ] = 7.8 Hz,
4H), 7.65 (d, ] = 7.9 Hz, 4H), 7.56—7.39 (m, 7H), 3.36 (dt, J = 13.9,
6.9 Hz, 2H), 3.30 (dt, ] = 13.7, 6.9 Hz, 2H), 1.65 (d, ] = 6.9 Hz, 12H),
1.58 (d, J = 7.0 Hz, 12H), —2.59 (s, 2H). *C NMR (126 MHz,
CDC13) 6 167.6, 150.4, 148.5, 145.8, 139.3, 139.1, 138.7, 134.8, 134.3,
133.8, 1322, 129.1, 128.5, 1284, 128.1, 127.9, 126.9, 126.1, 125.0,
1214, 120.5, 118.6, 34.5, 34.1, 24.5, 24.3. IR (neat, diamond ATR):
see Figure S18, SI; HRMS (ESI) m/z: [M + HJ]* Caled for
CysHgoNsO, 978.4747; Found 978.4746. MS (MALDI-TOF) m/z:
977.424 [M]*.
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Procedure for the Synthesis of Dibromoporphyrins 7d.
Monobenzoporphyrin 6d (48 mg, 0.05S mmol) and N-bromosuccini-
mide (22 mg, 0.12 mmol) was dissolved in dry chloroform. The
mixture was reflux for 6h. Reaction completion was monitored with
UV—vis spectroscopy. After completion of the reaction, mixture was
washed with solution of NaOH, water and brine. Organic layer was
removed under vacuum and recrystallized in CH,Cl,/MeOH to obtain
the pure compound 7d.

12,13-Dibromo[5,10,15,20-tetrakis[4-(1-methylethyl)phenyl]-
porphinato[2,3-f] isoindole-1,3(2H)-dione, 2-phenyl (7d).
CgsHs;Br,NsO, brown solid (mp >280 °C), 55 mg, 0.048 mmol,
95%. UV—vis (CH,Cl,) A, (rel. inten.) 452 nm (1.000), 540 (0.061),
616 (0.014), 685 (0.011); 'H NMR (500 MHz, CDCI,) 6 8.90 (d, ] =
4.3 Hz, 2H), 8.84 (d, ] = 4.0 Hz, 2H), 8.21-8.09 (m, 8H), 7.75 (d, ] =
7.7 Hz, 4H), 7.67 (d, ] = 7.6 Hz, 4H), 7.54—7.37 (m, 7H), 3.56—3.18
(m, 4H), 1.63 (d, ] = 6.9 Hz, 12H), 1.56 (d, ] = 6.9 Hz, 12H), —2.58
(s, 2H). C NMR (126 MHz, CDCl;) § 167.3, 150.6, 149.7, 149.5,
147.7, 145.5, 140.6, 139.4, 138.6, 138.3, 135.4, 134.1, 129.6, 129.1,
128.8, 128.3, 127.9, 126.8, 1262, 125.6, 124.5, 121.3, 120.24 1187,
34.5, 34.2, 24.5, 24.4. IR (neat, diamond ATR): see Figure S19, SI;
HRMS (ESI) m/z: [M + H]* Calcd for CgHggBr,NO, 1136.2937;
Found 1136.2984. MS (MALDI-TOF) m/z: 1136.222 [M + H]".

General Procedures for the Synthesis of Substituted
Dibenzoporphyrins Were Used To Synthesize Compound 4d
from 7d. 5,10,15,20-Tetrakis[4-(1-methylethyl)phenyl]-122,12%-bis-
(4-methoxyphenyl)benzo[b]porphinato[2,3-f Jisoindole-1,3(2H)-
dione, 2-phenyl (4d). Cy4¢H,;N;O, purple crystalline solid (mp >300
°C), 10 mg, 0.008 mmol, 31%. UV—vis (CH,Cl,) A, (log &) 401 nm
(4.66), 460 (5.61), 540 (4.36), 579 (4.45), 616 (4.15). "H NMR (500
MHz, CDCl;) § 8.93 (d, ] = 4.4 Hz, 2H), 8.84 (d, ] = 4.4 Hz, 2H),
8.23—8.11 (m, 8H), 7.75 (d, J = 7.6 Hz, 4H), 7.67 (d, ] = 7.6 Hz, 4H),
747 (dt, ] = 15.7, 7.4 Hz, 7H), 7.20 (s, 2H), 6.98 (d, ] = 8.3 Hz, 4H),
6.76 (d, ] = 8.4 Hz, 4H), 3.83 (s, 6H), 3.36 (dt, ] = 13.7, 6.8 Hz, 2H),
3.29-3.17 (dt, J = 13.7, 6.8 Hz, 2H), 1.64 (d, ] = 6.9 Hz, 12H), 1.50
(d, ] = 6.9 Hz, 12H), —2.44 (s, 2H). *C NMR (126 MHz, CDCl;) §
167.6, 158.1, 151.8, 151.2, 150.3, 149.4, 147.7, 146.6, 145.1, 140.8,
140.0, 139.5, 139.1, 138.5, 138.3, 134.7, 133.8, 133.7, 132.3, 131.1,
129.1, 1282, 128.2, 1274, 1269, 126.1, 126.0, 120.2, 119.4, 118.3,
113.3, 55.2, 34.5, 34.2, 24.5, 24.3. IR (neat, diamond ATR): see Figure
S17, SI; HRMS (ESI) m/z: [M + H]* Caled for CgH,,N,O,
1240.5741; Found 1240.5794. MS (MALDI-TOF) m/z: 1239.561
(M]*.

General Procedure for the Synthesis of Zinc Dibenzopor-
phyrins Was Used To Synthesize Compound 5d from 4d.
5,10,15,20-Tetrakis[4-(1-methylethyl)phenyl]-122,123-bis(4-
methoxyphenyl)benzo[b]porphinato[2,3-f Jisoindole-1,3(2H)-dione,
2-Phenyl (5d). C4¢H; N3O,Zn green crystalline solid (mp >300 °C),
10 mg, 0.007 mmol, 93%. UV—vis (CHCl;) 4, (log &) 406 nm
(4.32), 474 (5.35), 593 (4.17), 617 (3.95). 'H NMR (500 MHz,
CDClL,) 6 8.99 (d, ] = 4.4 Hz, 2H), 8.89 (d, ] = 4.5 Hz, 2H), 8.13 (d, J
=7.6 Hz, 8H), 7.75 (d, ] = 7.8 Hz, 4H), 7.67 (4, ] = 7.6 Hz, 4H), 7.64
(s, 2H), 7.58—7.45 (m, SH), 7.42 (s, 2H), 7.03 (d, ] = 8.3 Hz, 4H),
6.79 (d, J = 8.1 Hz, 4H), 3.85 (s, 6H), 3.45—3.33 (m, 2H), 3.32—3.22
(m, 2H), 1.67 (d, J = 6.9 Hz, 12H), 1.52 (d, ] = 6.6 Hz, 12H). *C
NMR (126 MHz, CDCl,) & 167.8, 158.0, 151.6, 149.8, 149.7, 148.8,
146.1, 143.1, 143.0, 141.0, 140.6, 139.5, 137.9, 135.7, 134.8, 133.3,
133.2, 131.8, 131.2, 131.0, 129.0, 127.1, 126.99, 126.95, 125.6, 125.5,
120.8, 120.1, 118.7, 1133, 55.2, 34.5, 342, 24.6, 24.4. IR (neat,
diamond ATR): see Figure 523, SIl; HRMS (MALDI-TOF) m/z: [M]*
Caled for CggH,N;0,Zn 1301.4798; Found 1301.2712 (see SI for
isotopic spectrum). MS (MALDI-TOF) m/z: 1301.507 [M]*.
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